Objective: Various factors have been examined in the literature in an attempt to reduce the incidence and severity of root resorption. The purpose of the present investigation is to test the null hypothesis that there is no difference in relation to force level using gradually increasing (ascending) and decreasing (descending) orthodontic force generated by magnets on the severity of Orthodontically Induced Inflammatory Iatrogenic Root Resorption (OIIRR) and amount of tooth movement. Methods: Twenty maxillary first premolars from 10 patients were subjected to ascending (25-225 g, magnets in attraction) and descending (225 to 25 g, magnets in repulsion) buccal forces using a split mouth design over an 8-week period. Polyvinyl siloxane impressions were taken at week 0, 4, and 8 to record the tooth movement. After 8 weeks, the teeth were extracted, scanned, with micro-CT in 16.9 µm resolution, and the root resorption craters were localized circumferentially and quantified at each level of the root. ). There is no statistically significant difference in the degree of OIIRR between different level of the root (cervical, middle, and apical) at different surfaces. Moreover, the amount of tooth movement, at 0-, 4-, and 8-week interval, secondary to an ascending and descending force application was not statistically significant. Conclusions: There is no short-term (8 weeks) statistically significant difference between orthodontic ascending and descending forces, from 25 to 225 g and from 225 to 25 g, respectively, in term of severity and location of OIIRR as well as the amount of tooth movement. The buccal surface of the root showed highest degree of OIIRR compared to other root's surfaces.
Introduction
Orthodontically induced iatrogenic inflammatory root resorption (OIIRR) (1) is the pathological inflammatory process that results in loss of mineralized cementum and dentine concurrent with removal of hyalinized tissue (2) (3) (4) .
Orthodontic force magnitude has been shown to be a major factor in OIIRR in many animal (5-7) and human (8) (9) (10) (11) studies. Light forces have been recommended to reduce adverse tissue reactions (3, 12) . Recent series of studies by demonstrated the force magnitude as a significant factor for the extent of root resorption (RR) with the heavy force group having 3.31-folds greater amount of RR than light force group. These findings were similar to the findings of Weltman et al. (16) in their systematic review. In contrast, some other studies proposed no relationship between force magnitude and severity of OIIRR (17, 18) .
The relationship between force magnitude delivered by orthodontic appliances and the rate of orthodontic tooth movement remains controversial. According to Quinn and Yoshikawa (19) , the rate of tooth movement is related to the force magnitude applied. In a human study, heavy force application demonstrated an increased amount of tooth movement in canine distalization (20) . In contrast, it was also shown that light force produced more tooth movement after 28 days (6) . However, others proposed that there is no direct relationship between force magnitude, type of tooth movement, and amount of displacement in both animal (21) and human studies (22) . Using a mathematic model, Ren et al. (23) concluded that neither optimal force nor force range could be calculated to produce maximum tooth movement. Variables previously mentioned, such as alveolar bone density, force magnitude, direction, distribution, and duration need to be considered in obtaining optimal tooth movement.
The relationship between gradually increasing orthodontic force and OIIRR is controversial; some showed a direct and significant correlation (17, 18) , while other demonstrated no relationship (24) .
Magnets have a wide range of clinical applications in orthodontics, for example intrusion (25) , expansion (26) , forced eruption of impacted teeth (27, 28) , and functional appliances (29, 30) . In addition, magnets have been used in orthodontic tooth movement during complex intra-and inter-arch mechanics (31), molar distalization (32, 33) , without arch wires (34) , and as magnetic edgewise brackets (35, 36) . Force consistency and continuity are vital in an optimal orthodontic force system (37) . Apart from superelastic NiTi; orthodontic force application uncontrollably decreases over time and tooth movement. Using magnets, it is possible to deliver gradual change in force magnitude, with the force produced by the magnets inversely proportional to the square of the distance between them, this means that the force between any magnets falls dramatically with distance (38) . In addition, magnets deliver predictable force levels and provide frictionless mechanics (39, 40) .
The force magnitude in the initial phase of tooth movement is important because of the dominance of significant metabolic changes during this stage (41) and the general consensus in the literature recommend continuous light force, that is tooth movement by frontal (direct) resorption with minimal hyalinized (indirect) or necrotic changes that is associated with OIIRR (2). The effects of increasing (ascending) or decreasing (descending) orthodontic forces, which are possible by the use of magnets, on OIIRR and tooth movement are inconclusive. In the current literature, the two studies investigating the effects of magnets on tooth movement and OIIRR were done on rats (24, 42) . However, currently there is no reported human studies of OIIRR and tooth movement utilizing both ascending and descending forces using magnetic appliances.
The aim of this split mouth study was, therefore, to investigate the correlation between gradually increasing (ascending) and decreasing (descending) force, generated by magnet, and the resultant movement and OIIRR. The null hypothesis is that there is no difference in the amount of tooth movement and OIIRR between ascending and descending magnetic orthodontic force.
Materials and methods
Sample size using the Researcher's Toolkit calculator indicated that a power of 90 per cent with beta error level of 20 per cent, clinical significance of 0.24 for OIIRR (on cube root scale) and 1 mm for tooth movement would require a data from 16 teeth. Accordingly, 20 maxillary first premolar teeth were collected, to overcome the potential drop out and exclusion, from 10 patients (7 females, 3 males, mean age 15.8 years; range 14.5-17.4 years) who required bilateral extractions for orthodontic purposes at the University of Ondokuz Mayis, Samsun, Turkey. Ethical approvals were obtained from the University of Ondokuz Mayis Medical Faculty Ethics Committee and from the Human Research Ethics Committee at the University of Sydney (ethics approval numbers EK:273 and X09-0277, respectively). The inclusion and exclusion criteria were, as previously described by Yee et al. (20) : 1. minimal crowding on each side of the maxillary arch, 2. no craniofacial anomalies, 3. no significant medical history nor medication(s) that would adversely affect the development or structure of the teeth and jaws and any subsequent tooth movement, 4. no previous orthodontic or orthopaedic treatment, 5. tooth is vital, in normal function, and not previously restored, 6 . no history of trauma, bruxism, or parafunction, and 7. no past or present signs and symptoms of periodontal disease.
Written informed consents were obtained from patients and/or guardians. At the start of the treatment a full records were collected including extra-oral and intra-oral photograph, study model, orthopantograph (OPG), and lateral cephalograph. The subjects' upper first molars were banded with a passive trans-palatal arch ( Figure 1 ). This provided a transverse and anterior-posterior anchorage, so the tooth movements are fully expressed on the experimental teeth, the first premolars. A bite block made of light cure band adhesive (TransBond Plus, 3M Unitek, California, USA) bonded on occlusal surface of molars and acted as an occlusal stop to prevent occlusal interferences. First premolars brackets (3M Unitek) were bonded on the first premolars.
The magnetic force system (MFS) consisted of two components. The first component (MFS1) involved a full dimension 0.019 inch × 0.025 inch stainless steel (SS) cantilever wire extended from the molar buccal tube to the region of the first premolar. The second component (MFS2) comprised of a circular shape with a centredhole magnet soldered to the end of another sectional 0.019 inch × 0.025 inch SS wire (guiding pin). On the descending force side (DF), MFS2 was passed through the hole of MFS1 and its guiding pin bonded by composite to the buccal surface of the premolar surface thus MFS2 lied lateral to MFS1. On the ascending force side (AF), MFS2 was bonded directly to the buccal surface of the premolars while its guiding pin passed through the hole of MFS1 thus MFS2 lied medial to MFS1. These configurations in the MFS were adopted to allow buccal movement of premolars in both AF and DF sides. The AF and DF were produced by the polarity of magnets in attraction or repulsion, respectively. The DF was applied to the premolar on the right side (DF side), whereas the contralateral premolar was exposed to the AF in each case (AF side).
On the AF side, the distance between the magnets was initially more than 1 mm indicating a force of approximately 25 g that increased gradually as the premolar moves buccally to reach a level of 225 g when the magnets are in contact. On the DF side, the two repulsive magnets was initially in contact generating a force level of 225 g which dissipates as teeth move buccaly to reach a level of 25 g.
The magnets used in this study were neodymium-iron-boron magnets (Nd-Fe-B, AMF Magnetics, Sydney, Australia) with Nickel and Copper coating (15-20 µm) and had the following dimensions: outer diameter = 5 mm, inner diameter = 1 mm, and thickness = 0.75 mm (Figures 2 and 3 ). These magnets produced the force magnitude ranging from 25 to 225 g as depicted by the force-displacement graph (Figure 4 ). Using the Mach-1 Universal testing machine (Biosyntech, Inc., Quebec, Canada) with a 10 kg load cell and a customized mounting jig, force measurement (in grams) was commenced with the magnetic pair in contact initially and then the magnets were vertically separated 10 mm at a speed of 12 mm/min.
The subjects were assessed every 4 weeks to ensure the experimental appliances were in good condition. In addition, a maxillary arch impression with polyvinyl siloxane material (Imprint II Regular Body/ Light Body, 3M ESPE, St Paul, Minnesota, USA) was taken at three time points: Week 0 (appliance placement) as baseline record, Week 4, and Week 8 (appliance removal). Impressions were poured with die stone (Vel-mix, Kerr, Orange, California, USA). In order to quantify the amount of tooth movement, the casts were scanned with OpenScan 3D Laser Scanner (Laserdenta, GmbH Germany). Stable palatal reference points including the first three palatal rugae (43, 44) and the most inferior point of the buccal and lingual cusp tips of the first premolars were marked on digitized models with VG Studio Max v.2.0. This scanner provides a resolution as high as 20 micron (0.02 mm) in each scan. STereoLithography (STL) formatted files of each patients were procrusted over each other (superimposed by matching the reference points in three dimensional space). The rate of tooth movement was determined by the measuring buccal and palatal cusps movements separately and averaging ( Figure 5 ). Each measurement was repeated four times and the mean value was calculated for each sample and exported to an excel sheet for statistical analysis.
After 8 weeks of experimentation, the first premolar teeth were extracted carefully to prevent surgical trauma to the root cementum. The extracted teeth were immediately stored in labelled containers containing sterilized deionized water. Each tooth was placed in ultrasonic bath for 10 minutes to loosen all traces of residual periodontal ligament and soft tissue fragments which were subsequently removed by dampened gauze with a rubbing motion. The teeth were then disinfected in 70 per cent alcohol for 30 minutes and bench dried at ambient room temperature (23°C ± 1°C) for 24 hours.
A desktop X-ray micro-tomography system (SkyScan 1172, SkyScan N.V., Aartselaar, Belgium), capable of achieving near 1 × 10 -7 cubic mm voxel size, was used to scan each tooth threedimensionally. Prior to scanning the teeth, a new flat field reference was acquired to correct for sensor non-uniformity and ensures the sensor is in optimal working condition. Teeth was rotated over 360° at 0.2° rotation steps, scanned with X-rays at a voltage of 100 keV and 100 µA current. The high camera resolution setting produced an image matrix of 1500 × 1048 pixels, 1800 projections, frame averaging of 4, and random movement amplitude of 20 lines on the camera. In addition, geometrical correction, median filtering, and flat field correction were applied. A 1.0 mm thick aluminium filter was placed in front of the detector and the resulting X-ray energy spectrum had an effective mean energy of approximately 60 keV.
The resulting 2D shadow/transmission images (16 bit TIF) were used to reconstruct the 3D object by using a 3D cone beam reconstruction algorithm (NRecon, Version 1.4.2). Beam hardening artifact was corrected by preselecting a correction level that minimized the artifact shown in the preview image, typically a value of 70-80 in the NRecon software was chosen. A resulting dataset of isotropic 16.9 µm voxel size resolution was achieved and the data was maintained at 16 bit TIF information.
For visualization and analysis of three dimensional/volumetric data, VGStudio Max 1.2 (Volume Graphics GmbH, Heidelberg, Germany) was used to analyse root resorption craters. The root surfaces, extending from the cemneto-enamel junction (CEJ) to the apical end, on buccal, lingual, mesial, and distal aspects were divided equally into three-thirds (cervical, middle, apical). Positive identification of craters was confirmed by scrolling through axial and sagittal slices. The resorption craters were located individually, isolated by limiting coordinates in three planes of space in VGStudiomax. The data was then exported to convex hull software (Chull 2D, University of Sydney) to provide a direct measure of the concave volume of the three-dimensional data set.
Statistical analysis
SPSS version 18 (SPSS, Chicago, Illinois, USA) was used for statistical analysis. A general linear model was used to investigate the differences in total OIIRR between subjects using AF and DF. As Kolmogorov-Smirnov test showed that data were not normally distributed, the cube root transformation was used to obtain normality and thus enabling parametric statistical analysis. The analysis was carried out using the cube root of the total volume of RR as the response variable in order to satisfy the statistical assumptions required for application of these techniques. It essentially measures the amount of resorption by the radius (mm) of an equivalent hemispherical crater rather than by the volume in mm 3 and has been employed by this research team in previous studies (16, 45) .
The analyses included the subject as a random factor; and the force, surface, and height as the fixed factors. The paired t-tests were used to determine the significance of intra-individual differences in OIIRR between ascending and descending forces. The differences in tooth movement between ascending and descending forces were also examined by paired t-tests. Twentyfive per cent of sample was rescanned and the standard error of measurement for RR crater volumes was less than 2 per cent of the actual mean measurement.
Results
Ascending and descending magnetic forces produced root resorption in all teeth after 8 weeks of force application. The total mean volume of root resorption with ascending force was 1.20 mm 3 , the descending force was 1.25 mm 3 , and there was no statistically significant difference between them ( Figure 6 ). A power analysis indicated that the sample size used had a 90 per cent power of picking up a difference of 0.24 (on cube root scale) if it existed. The actual difference found (0.03 on the cube root scale) was much smaller than this, and hence non-significant.
Using an ANOVA model for crater volume with root surface, vertical thirds, ascending, and descending forces as fixed factors and subject as random factor, there was no significant effect of type of magnetic force (ascending versus descending, P = 0.11, Figure 6 ) or vertical thirds (cervical, middle, and apical, P = 1.00, Figure 7 ). However, there were marginally significant differences between the amount of root resorption on different tooth surfaces (P = 0.04), with the highest OIIRR on buccal surface, less resorption on mesial and distal surface and least OIIRR on palatal side of the root (Figure 7) . After 4 weeks of forces application, the tooth movement was 0.94 ± 0.33 and 1.00 ± 0.39 mm at AF and DF side, respectively. While at 8 weeks, the total tooth movement was 1.40 ± 0.46 and 1.74 ± 0.53 mm, respectively (Figure 8 ). However, there was no significant difference between the groups (difference = 0.34, P = 0.136). With the sample size used, there was a greater than 90 per cent chance of picking up a difference of 1 mm if it existed. The actual difference in movement of 0.34 mm was much less than this, and hence was not found to be significant.
Discussion
Extensive research on OIIRR, the inevitable iatrogenic-effect of orthodontic treatment, encompasses the common goal of employing the most efficient and effective force application to create desired tooth movement whilst causing minimal OIIRR. The different characteristic changes in magnitude of the force were considered to be a factor that may contribute to the extent of OIIRR.
This study identified the presence of OIIRR craters on human premolar teeth after application of either ascending or descending forces, and OIIRR craters were quantified using micro-CT. Our study demonstrated that the volume of OIIRR for both ascending (1.20 mm 3 ) and descending (1.25 mm 3 ) force application sides were comparable, and there was no statistically significant difference between them. Although, it was difficult in our study to assess exactly how much force was being applied at the three time points due to narrow function-distance (Figure 4) , this finding is comparable to Owman-Moll (17, 18) , who postulated that the severity of OIIRR (extension and depth of resorbed root contour and size of root area on histological sections) did not differ significantly when the applied force (50 cN) was doubled to 100 cN and increased fourfold to 200cN. Using attractive magnets initially placed apart, it was postulated that ascending forces, as the force levels would start off light, would induce the smooth progression of tooth movement by frontal resorption, before the gradual increase in force magnitude as the magnets move closer together. However, as magnets move closer, force levels might reach levels above physiological limits and start inducing OIIRR; which might explain the similar extent of OIIRR observed for AF and DF sides comparable to that of OIIRR values found in previous heavy force studies (14) . Another possible explanation for the similar OIIRR craters between the ascending and descending force is because the higher end of the force range in both ascending (25-225 g ) and descending (225 to 25 g) groups highly exceed the capillary blood pressure (20-25 g/cm 3 ) (46) . As a result, both groups were subjected to high level of force during the experimental period and that caused periodontal ischemia and subsequent OIIRR.
The OIIRR seen on the DF side was not surprising as the initial force levels were similar to that of previous studies using heavy forces (47) . However, the results of our AF side are in contrast to the animal study in rats by Tomizuka et al. (24) which demonstrated effective tooth movement using increasing magnetic force with no pathological changes such as OIIRR.
Significantly large volume of OIIRR at cervical region of the buccal surface and the apical region on the palatal surface. This was consistent with the buccal tipping movement in which the cervical region of the buccal surface and the apical region on the palatal surface being the pressure areas of buccal tipping movement (47) .
As mentioned, our trial found no significant short-term difference (8 week) among the groups with different force level in regard to teeth movement. Previous human study assessing tooth movement under light and heavy forces demonstrated that the force magnitude was not related to the amount of tooth movement in the initial experimental period (Weeks 0-4); however, heavy force application was associated with increased amount of tooth movement in the later periods (Weeks 5-8 and Weeks 9-12) (20) . This is contradicting with the randomized control trial of Samuels et al. (48) who found that a faster tooth movement at low force level (100 g) compared to higher level (150 and 200 g ). This could be explained on the ground that in our study a frictionless force system was used which is relatively more accurate than that in Samuels' study in which sliding friction technique might disseminate the force magnitude.
On the contrary, in an animal study on rats comparing the amount of tooth movement with light and heavy forces, the initial tooth movement (until Day 3) was not found to be different; however, from Day 4 to 28, the molars have moved forwards significantly more in the light force group compared to the heavy force group (6, 49) . Using beagle dogs and skeletal anchorage, it was reported that molar moved faster with 300 cN than with 10 cN; and that, the effect of force magnitude on tooth movement had a positive dose-response relation only in the very low force range, and at higher force ranges (600 cN), no effect could be established (50) . As our study design included ascending and descending forces, the force reached high levels either at the initial stage for descending force group or towards the later stages in the ascending force group, which then might have affected tooth movement in both groups during different stages.
Although split mouth study limited the inter-individual variability but it should be acknowledged that the intra-individual variability might bias the finding of this study especially when the data were pooled, in particular the effect of gender pooling (51) (52) (53) (54) , when treated in aggregation.
Additionally, it is worth mentioning that the sample size in this study was small, though the statistical power analysis indicated that the sample investigated was large enough to detect a significant difference if there was one present.
A number of contributing factors may have influenced the minor and statistically non-significant differences in OIIRR and tooth movement between the ascending and descending force groups observed in this study. For instance, the duration of treatment (8 weeks) and the distance of tooth movement (buccal tipping) in this study may not be sufficient to detect the presence of potential differences between ascending and descending forces. In addition, as previously mentioned, the force range of both groups produced high force level during the experiment. Future studies could employ longer treatment duration and larger tooth movement range (such as distalization after extraction) and reduced heavy force levels. Finally, although the objective of using magnet was to eliminate friction but the use of guiding pin is believed to add a light friction that thought to be negligible compared to conventional orthodontic force system.
Conclusions
The null hypothesis was accepted and thus variable orthodontic force level using buccally directed ascending and descending forces, do not cause short-term (8 weeks) difference in the amount of OIIRR or tooth movement. Application of either ascending or descending orthodontic forces using magnets had comparable OIIRR to other conventional force. The buccal surface of the root showed highest degree of OIIRR compared to other root's surfaces.
